Human cytomegalovirus (CMV) is a member of the betaherpesvirus subfamily of the herpesvirus group. In immunocompetent hosts, CMV infection is effectively controlled and the virus persists in a latent state. However, in immunocompromised hosts, such as patients with AIDS or patients who have undergone bone marrow transplantation, the virus is a serious pathogen associated with significant morbidity and mortality in a variety of clinical syndromes involving interstitial pneumonitis, colitis, hepatitis, and immunosuppression (2, 18, 21) . Murine CMV (MCMV), because of its similarities in structure and biology to human CMV, has provided useful models for acute, chronic, and latent human CMV infection. Infections with some types of viruses are associated with changes in lymphocyte activity. A number of immunologic aberrations in patients with human CMV infection have been reported (24, 25) . For MCMV infection, some functional abnormalities of lymphocyte responses also have been reported. These abnormalities include depressed lymphocyte responses to mitogens (3, 28, 39) , depressed responses in mixed leukocyte cultures (20) , depressed antibody responses to several antigens (35) , and low efficacies of priming of T cells to several antigens (10, 40) . These abnormalities are often accompanied by a reduction in T-cell numbers (7, 11, 32, 38) . Although some of these abnormalities might be attributed to the suppressed expression of a major histocompatibility complex and/or viral antigen(s) (9, 12) , mechanisms of the suppressed lymphocyte function are still unclear.
In this paper, we provide evidence that T cells from mice infected with MCMV are prone to apoptotic cell death, which might, at least in part, account for the suppressed T-cell functions. Furthermore, we demonstrate that the expression of Fas antigen, a gene product which is involved in programmed cell death (41, 44) , is implicated in the apoptotic cell death seen in MCMV infection.
MATERIALS AND METHODS
Mice. Female BALB/c mice and female C57BL/6 mice were purchased from Japan SLC, Inc. (Hamamatsu, Japan). C57BL/6-lpr/lpr mice obtained from Shizuoka Laboratory Animal Center (Shizuoka, Japan) were bred under specificpathogen-free conditions at our institute. All mice were used at 8 to 10 weeks of age.
Virus and infection of mice. The Smith strain of MCMV was used in all experiments. Salivary gland-passaged MCMV was prepared by homogenizing salivary glands of BALB/c mice that had been infected with 10 4 PFU of MCMV 3 weeks previously. The virus stock gave a titer of 10 7 PFU/ml. BALB/c mice were inoculated intraperitoneally with 3 ϫ 10 3 PFU of MCMV in a volume of 200 l of Hanks' balanced salt solution on day 0. C57BL/6 and C57BL/6-lpr/lpr mice were infected with 3 ϫ 10 4 PFU of MCMV. In vitro proliferation of T cells. Nylon wool-nonadherent T cells (Ͼ90% purity) were cultured in the presence of concanavalin A (ConA) (5 g/ml) in 200 l of complete culture medium in 96-well round-bottomed plates (Corning Glass Works, Corning, N.Y.) at 2 ϫ 10 5 cells per well, together with the same number of spleen cells that had been irradiated with 30 Gy, in the presence or absence of 50 U of interleukin-2 (IL-2) (kindly provided by Takeda Chemical Industries, Ltd., Osaka, Japan) per ml. (In this report, the units for IL-2 are Japan reference units.) Cells were cultured for 72 h at 37ЊC with 5% CO 2 and pulsed with Detection of DNA fragmentation. Fragmented DNA was extracted from splenic T cells as described elsewhere (37) . Briefly, nylon wool-nonadherent T cells were cultured at a concentration of 10 6 /ml in the presence or absence of ConA (5 g/ml) for 0, 12, and 24 h. Cells were pelleted by centrifugation for 10 min at 200 ϫ g and 4ЊC. Cell pellets were lysed with 500 l of TTE solution (Tris-EDTA buffer [pH 7.4] containing 0.2% Triton X-100) by vigorous vortexing. The fraction containing small fragmented DNA was separated from intact chromatin by centrifugation for 10 min at 13,000 ϫ g and 4ЊC. Supernatants (500 l) containing fragmented DNA were mixed with 100 l of ice-cold 5 M NaCl and 700 l of ice-cold isopropanol and placed at Ϫ20ЊC overnight to precipitate DNA. DNA pellets were precipitated by centrifugation, washed with 70% ethanol, dried, and dissolved with 50 l of Tris-EDTA buffer. Ten microliters of each sample was applied to a NuSieve 3:1 gel (FMC BioProducts, Rockland, Maine) and electrophoresed; this was followed by ethidium bromide staining.
Flow cytometric analysis of Fas expression. A single-cell suspension of splenocytes from naive mice or mice infected with 3 ϫ 10 3 PFU of MCMV 5 days previously was aliquoted (10 6 cells per sample). Cells were stained with phosphatidylethanolamine-labelled anti-Fas monoclonal antibody (Pharmingen, San Diego, Calif.) along with fluorescein isothiocyanate-labelled anti-CD3ε (145-2C11, generously provided by J. A. Bluestone, Chicago University, Chicago, Ill.), anti-CD4 (Gibco BRL, Gaithersburg, Md.), anti-CD8 monoclonal antibody (Gibco BRL), and anti-B220 (Pharmingen). The surface expression of each molecule was analyzed with an EPICS XL flow cytometer (Coulter).
Detection of virus DNA in T cells by PCR amplification. DNA was extracted from nylon wool-nonadherent splenic T cells of mice. Briefly, 10 6 T cells were lysed in 200 l of 1ϫ PCR buffer (Perkin-Elmer, Branchburg, N.J.) (10ϫ PCR buffer is 100 mM Tris-HCl [pH 8.3] and 500 mM KCl) in the presence of 0.5% Tween 20 and 100 g of proteinase K (Boehringer Mannheim GmbH, Mannheim, Germany) per ml for 45 min at 56ЊC. After inactivation of proteinase K by a 10-min incubation of samples at 95ЊC, aliquots were subjected to PCR amplification.
PCR amplification of the immediate-early (IE) gene of MCMV and exon 2 of the CD3␦ chain was performed as follows. A series of serial dilutions (1/10) of DNA extracted from T cells as described above was prepared. Twenty microliters of each diluted sample was applied for amplification of the IE gene or exon 2 of CD3␦ with 2.5 U of Taq DNA polymerase (AmpliTaq; Perkin-Elmer) in the presence of deoxynucleoside triphosphates and an appropriate pair of primers. The sense and antisense primers are as follows: IE sense; TAGGAGAGGGCA CAGAGGATT; IE antisense, ATGGAAACAGAAACTTACTTG; CD3␦ exon 2 sense, CTTCAAGATACAAGTGACCG; CD3␦ exon 2 antisense, TTCGGT AATGGACTTGCACA.
The PCR products were electrophoresed through a 1.8% agarose gel; this was followed by ethidium bromide staining.
In vitro infection of T cells with MCMV. Nylon wool-nonadherent T cells were infected with MCMV at a multiplicity of infection of 0.5 or mock infected for 1 h. The cells were then washed and cultured in complete medium for 12, 24, or 48 h. In other experiments, BALB/c embryonic fibroblasts or NIH 3T3 cells were infected or mock infected with MCMV likewise. Flow cytometric detection of apoptotic cells was performed as described above. Figure 1a shows representative data for the spleen cell number after infection with 3 ϫ 10 3 PFU of MCMV. The total cell number decreased on day 3 after infection and increased on day 5 and thereafter. On day 5 after infection, when the virus titer in the spleen reached its peak (data not shown), nylon wool-nonadherent T cells were stimulated with ConA (5 g/ml), with or without 50 U of IL-2, in the presence of irradiated spleen cells (Fig. 1b) . As has been reported previously (39) , T cells from infected mice showed a remarkably low response to the stimulation with ConA, even in the presence of IL-2. The results were highly reproducible in three independent experiments.
RESULTS

Decrease in number of spleen cells and unresponsiveness of spleen cells after infection with MCMV.
Apoptotic cell death of T cells from infected mice. To examine the reason for the low degree of responsiveness of the T cells from infected mice, we performed a cell cycle-DNA content analysis. Spleen T cells from naive mice or mice infected with MCMV 5 days previously were cultured for 0, 12, and 24 h in the presence or absence of ConA (5 g/ml) (Fig. 2) . Freshly isolated T cells had a few percent hypodiploid DNA, with a slightly higher percentage of hypodiploid DNA in T cells from infected mice. After 12 h of culture, however, T cells from infected mice showed more than 25% hypodiploid DNA, whereas T cells from naive mice had as much as 8% hypodiploid DNA. The percentage of hypodiploid DNA increased after 24 h of culture and was much higher in T cells from infected mice than in those from naive mice. These data from the cell cycle-DNA content analysis indicated that T cells from infected mice had a higher percentage of apoptotic nuclei with a smaller content of DNA. When mice were infected with 10 (Fig. 2, bottom) . Next, we examined DNA fragmentation in the nuclear extracts by the electrophoretic method. Figure 3 clearly shows the extensive DNA fragmentation, which is another characteristic of apoptotic cell death, in T cells from infected mice after 12 h of culture irrespective of whether the cells were stimulated with ConA. Therefore, as substantiated by flow cytometric analysis and fragmentation of DNA, apoptotic death was shown to be extensively induced in T cells from infected mice and was thought to account, at least partially, for the low degree of responsiveness of T cells of infected mice. The possibility of the so-called anergic state being the reason for the low responsiveness is unlikely, as the T cells still showed the low responsiveness in the presence of 50 U of IL-2 per ml (Fig. 1b) . On day 3 after infection, when the numbers of spleen cells were at their nadir, T cells showed apoptosis patterns almost comparable to, or slightly less extensive than, those on day 5 (data not shown).
Increased Fas antigen expression in T cells from infected mice.
Apoptotic cell death is induced with several kinds of reagents, cytokines, and stimulations. Among them, stimulation via Fas antigen, which is a cell surface protein belonging to the tumor necrosis factor receptor family (41, 44) , is one of the well-known mechanisms to mediate apoptosis. The involvement of Fas antigen in some virus infections, including human immunodeficiency virus infection, has been reported (4, 17). We therefore examined the expression of Fas antigen on T cells, and also on B cells, from infected mice (Fig. 4) . In naive mice, CD3 ϩ cells, CD4 ϩ cells, CD8 ϩ cells, and B220 ϩ cells were almost negative for Fas expression (Fig. 4, lower panels) . In mice infected with MCMV 5 days previously, however, the expression of Fas antigen was augmented on CD3 ϩ cells, CD4 ϩ cells, and B220 ϩ cells (Fig. 4, upper panels) . The expression of Fas antigen on CD8 ϩ cells was not altered. Thus, the Fas system appeared to be involved in the apoptosis of T cells from MCMV-infected mice. Since the expression of Fas antigen was augmented on B cells from infected mice, apoptotic cell death was thought to occur in B cells also. Because of the spontaneous induction of apoptotic cell death in splenic B cells (5), however, it was difficult to clearly demonstrate the difference in apoptosis by flow cytometric or electrophoretic analysis (data not shown).
Apoptotic cell death in C57BL/6-lpr/lpr mice. Since the augmented expression of Fas antigen was implicated in the induction of apoptotic cell death in MCMV-infected mice, we evaluated apoptosis in C57BL/6-lpr/lpr mice (Fig. 5) . In C57BL/6-lpr/lpr mice, mutations at the lpr (lymphoproliferation) locus, which maps to the fas locus, cause the impaired expression of Fas antigen (1) and the ''lymphoaccumulation'' which occurs because the cells are less susceptible to death than their normal counterparts (6) . Naive C57BL/6 mice and C57BL/6-lpr/lpr mice showed almost equivalent percentages of apoptosis of T cells after 12 h of culture in the presence of ConA (9.1 and 11.9%, respectively). When mice were infected with 10 4 PFU of MCMV 5 days previously, C57BL/6-lpr/lpr mice showed a lower percentage of hypodiploid cells than C57BL/6 mice (24.8 and 37.8%, respectively). The results were similar to those obtained without ConA stimulation (data not shown) and were highly reproducible in three independent experiments. The involvement of Fas antigen, therefore, was implicated in the FIG. 5 . Apoptosis in C57BL/6 and C57BL/6-lpr/lpr mice. C57BL/6 or C57BL/ 6-lpr/lpr mice were infected with 3 ϫ 10 4 PFU of MCMV. On day 5 after infection, splenic T cells were obtained from infected mice or naive mice of both strains. Cells were cultured for 0 or 12 h at 37ЊC and were stained with propidium iodide. Flow cytometric detection of apoptosis was performed as described in Materials and Methods. The number on each panel shows the percentage of hypodiploid nuclei (region K). (Fig. 6) . Thus, it was suggested that T cells contained a substantial amount of MCMV genes, though most of the genes appeared to be nonproductive. We therefore examined whether the infection of cells with MCMV itself induced apoptosis. First, nylon woolnonadherent T cells were infected with MCMV at a multiplicity of infection of 0.5 or mock infected for 1 h. Cells then were washed and cultured for 12, 24, or 48 h, and a DNA content analysis was performed (Fig. 7) . T cells infected with virus in vitro showed levels of apoptosis similar to or rather lower than those of mock-infected T cells. The percentages of apoptotic cells in in vitro-infected or mock-infected cells were slightly higher than that in untreated cells (Fig. 2 and 7) , which might result from treatment of cells with salivary gland homogenates. Moreover, neither embryonic fibroblasts nor NIH 3T3 cells showed apoptosis after in vitro infection with MCMV (data not shown).
DISCUSSION
T lymphocytes become activated in response to adequate stimulation to undergo proliferation or to be effector cells; this is accompanied by the expression of a variety of genes, including those for various cytokines or effector molecules (43) . Under several circumstances, however, T lymphocytes respond to the stimulation by a programmed cell death response or apoptosis rather than activation. The regulation of responses to the stimulation to death or activation is critical for normal immune responses, and the factors influencing this balance include the differentiation state of the responding T lymphocytes, costimulatory molecules on the antigen-presenting cells, various cytokines, and expression of apoptosis-associated molecules such as Bcl-2 (19) or Fas (44) .
In our study, we demonstrated that T cells from mice infected with MCMV were prone to apoptotic cell death. This apoptotic cell death may, at least partially, account for the decrease in the number of spleen cells and the low level of responsiveness of the T cells of infected mice (Fig. 1) and the altered functions of lymphocytes of infected mice. We did not examine the apoptosis in B cells, because B cells (or whole spleen cells) showed spontaneous apoptosis after culture (5) and therefore it was difficult to quantitatively evaluate the apoptosis. Flow cytometric analysis, however, demonstrated that the decrease in the number of spleen cells involved not only T cells but also B cells (data not shown). Moreover, the expression of Fas antigen was also augmented on B cells ( Fig.  4; see below) . It was strongly suggested that apoptosis was also induced in B cells during infection with MCMV.
Koga et al. have reported the apoptosis of immature thymocytes only when they are stimulated with anti-CD3 antibody in vivo in mice persistently infected with MCMV (27) . In our experimental system with acute MCMV infection, apoptosis was induced without any stimulation. Stimulation with ConA did not seem to affect the results (Fig. 2 and 3) . Moreover, freshly isolated T cells also showed extensive apoptosis when mice were infected with 10 4 PFU of the virus (Fig. 2) . It was suggested that the mechanisms of the induction of apoptosis might differ in acute and persistent infections. Alternatively, the mechanisms might differ for different organs, although the thymus in acutely infected mice showed no apparent evidence of apoptosis (data not shown). Selgrade et al. have reported low responsiveness of lymphocytes to stimulation with mitogens, which continued up to day 21 (39) . Although on day 14 after infection, when spleens contained no detectable virus by a conventional plaque assay, T cells showed an almost normal response to stimulation with ConA and showed no apparent Augmented expression of Fas antigen was observed on T cells as well as B cells of infected mice. Among several mechanisms associated with apoptosis, therefore, the Fas-mediated pathway was implicated in the induction of apoptosis. Augmented expression of Fas was also reported to occur in infection with other type of viruses (4, 16, 17, 26, 42) . To our surprise, however, C57BL/6-lpr/lpr mice showed a substantial level of apoptosis (Fig. 5) . Since the percentage of apoptotic nuclei was reproducibly lower in C57BL/6-lpr/lpr mice than in C57BL/6 mice, the involvement of the Fas-mediated pathway was strongly suggested as well. The apoptosis observed in C57BL/6-lpr/lpr mice might result from the leaky phenotype of the lpr mutation or might suggest other mechanisms to induce apoptosis. The involvement of other mechanisms associated with apoptosis, including nitric oxide, oxidative stress (8) , and cytokines such as tumor necrosis factor alpha (30) , was also implicated, and the relative importance of such mechanisms compared with that of the Fas-mediated pathway has yet to be evaluated. CD8 ϩ cytotoxic T lymphocytes (CTL) induce apoptotic cell death in their target cells by releasing certain serine esterases and perforin along with the Fas-mediated system (23) . One may argue that the apoptosis in our system might result from the effect of CTL. The involvement of CD8 ϩ CTL is unlikely, however, because CD8 ϩ T cells began to increase in number on day 7 or later after infection (data not shown). Moreover, bulk CTL activity against syngeneic cells pulsed with the immunogenic peptide of the IE gene product was not observed on day 5 (data not shown).
Although the decrease in number and the low degree of responsiveness of splenocytes are detrimental to the host, apoptotic cell death might be of benefit to the host. As shown in Fig. 6 , spleen T cells contained a substantial number of copies of the viral IE gene (approximately 1/10 of the number of T cells). However, by a conventional plaque assay, 0.8 ϫ 10 3 to 1 ϫ 10 3 PFU of virus per spleen, at most, was detected (data not shown). Therefore, most of the viruses (or more precisely, viral genes) were not productive, indicating the existence of a mechanism to clear virus or to prevent viral proliferation by apoptotic cell death. Since in vitro infection with the virus did not induce apoptosis in T cells or in fibroblasts (Fig. 7 and data not shown), the elaboration of a factor(s) expressed on and/or produced by nylon wool-adherent cells was implicated in the induction of apoptosis. This factor(s) might also directly affect the responsiveness of T cells by means other than the induction of apoptosis.
